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wave function. This study takes into account all relevant dynamical correlations along with AA'^ 
space-exchange correlation (SEC). We also compute ANN force and the correlation induced by this 
force. The SEC affects the central repulsive AA'^ correlation significantly at r < 2.0 fm, specially 
at its peak and in its vicinity. SEC significantly affects energy breakdown of the hypernucleus, A- 
seperation energy, nuclear core (NC) ploarization and density profiles. A large NC polarization is 
found with and without SEC, respectively. The SEC effect is relatively large in two-pion exchange 
component of ANN force. Therefore, any attempt to pin down the strength of this force with no 
SEC would be fiawed. 

PACS numbers: 21.80.+a, 21.10.Pc, 13.75.Ev, 13.75.Cs 



Very recently, realistic studies [l|, |2| have been per- 
formed on s-shell single hypernuclei using realistic two- 
nucleon (NN) Argonne uis [3| potential and three- 
nucleon (NNN) Urbana model-IX |4, 5] potential in the 
non-strange sector in conjunction with the two-baryon 
(AN) Urbana type charge symmetric potential 0, H and 
three-baryon (ANN) potential ,S, ,9,, l.OJ in the strange 
sector. In an alternative approach, Nemura et.al. |ll| 
have also performed an ab-initio calculation on all the 
s-shell hypernuclei by explicitily including E degree of 
freedom at the two-body level. Besides, there have been 
studies of ^He 1^ and of ^XO [11 using truncated NN 
{vq) potential. A couple of these studies were aimed to 
pin down the strengths of ANN force y, [l^]. In the 
above as well as in other realistic, microscopic studies of 
hypernuclei [3, llJ, llal to date, the AA^ space-exchange 
correlation (SEC) has always been put aside while writ- 
ing the wave function that describes the hypernucleus. 
This is despite the fact that the expectation value of the 
corresponding AA^ space-exchange potential which arises 
due to an equivalent AA'^ interaction in the relative p- 
state is not small. This has been demonstrated in the 
Urbana charge symmetric potentials, in many such re- 
cent calculations. 

Having AA^ potential 



states 



[vcir) - a2^vT^]il - e + ePJ) + -a^v^T^ (4) 



vtir) = [veir) - a2.i)T,2](l - e + eP^) - -a^v^T^ (5) 

where P^ is a Majorana space-exchange operator and 
e is the corresponding exchange parameter. The v — 
{vs + 3ut)/4 and v^ = Vs — Vt are, respectively the spin- 
average and spin-dependent strengths, with Vs[t) the sin- 
glet(triplet) state depths. T^r is the one-pion exchange 
(OPE) tensor potential and 6\n is an auxiliary poten- 
tial that ensures the asymptotic behaviour of long range 
correlation functions. 

The central repulsive AA^ correlation has a radial de- 
pendence 

fANir) = fAMir). (6) 

With the SEC having radial dependence 

u^{r) = f'^NJr) - fkNir) ^ ^^^ 

central correlation is modified as described by 
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one solves the Schrodinger equation 
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to obtain the radial solutions /^(r) and /j (r) with the 
help of the quenched A7V potentials in singlet and triplet 



Here fANir) is the spin averaged correlation function. 
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The weak spin-spin correlation function 
is found insignificant in this study. 
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In Ref. 15 the variational wave function [13 for nuclei 
is generalized: 
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where the pair wave function, ^p, is 

A-i 1 r A-i 

*p)= 11(1 + ^Aj) 5 11(1 
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Here f/y, C/j^"^, C/aj, C/i^fc, C/j^l'-^ and U\jk are the non 
commuting two- and three- baryon correlation operators. 
S is the symmetrization operator and | ^j) is the anti- 
symmetric Jastrow wave function 
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Using variational Monte Carlo (VMC) method we cal- 
culate the A-seperation energy 

^^ ^ {^a-i\Hnc\-^a-i) _ (^A|g|^A) ,^3. 



(* 



A-ll'^A-l 



l) 



(*a|*a) 



where ^a and 'i'A-i are the wavefunctions of the hyper- 
nucleus and its isolated bound NC. Similarly, H and 
Hf^c are used to refer to the non-relativistic Hamiltoni- 
ans of the hypernucleus and its NC. 

The Hamiltonians are written using potentials as 
mentioned. For the ANN force, one may write two 
Wigner types of forces, namely, the dispersive ANN force 
(^ann) suggested by the suppression mechanism due to 
AN - T,N couphng [H [H Illi^l, and the two-pion 
exchange (TPE) ANN force (Vl'^j^) 



VanN - Vann + ^ANN- 



(14) 



The phenomenological dispersive force with explicit spin 
dependence is written as 
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W^T^{rM)T^irA,)[l + -^A ■ {^^ + rr,)]. (15) 



V^Jfj^ is written as a sum of two terms due to p- and 
s-wave n — N scatterings given below 
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FIG. 1: AA^ central correlation and space-exchange correla- 
tion (SEC) functions. 



TABLE I: Energy breakdown for ^He hypernucleus. 
quantities are in units of MeV. 



AU 





with u^ 


with no u^ 


Difference 




A 


B 


A-B 


Ta 


8.75(3) 


9.05(3) 


-0.30(6) 


vo{r){l - e) 


-12.56(4) 


-13.06(4) 


0.50(8) 


t;o(r)6P° 


-5.24(2) 


-4.79(2) 


-0.45(4) 


^Wo-T^fTA • CTn 


0.0 


0.0 


0.0 


Vkn 


-17.80(6) 


-17.85(6) 


0.05(12) 


''ajvjv 


2.38(1) 


2.50(1) 


-0.12(2) 


i'ajvjv 


-2.46(2) 


-2.88(2) 


0.42(4) 


VaJVJV = Vajvjv + '^A/VJV 


-0.13(1) 


-0.38(1) 


0.25(2) 


Va ° " = VKN + VajvJV 


-17.93(6) 


-18.23(6) 


0.30(2) 


£;a = Ta -f Va^°"" 


-9.18(4) 


-9.18(4) 


0.0(8) 


Tnc 


117.38(18) 


116.58(18) 


0.80(36) 


VNN 


-133.90(16) 


-132.50(16) 


-1.40(32) 


Vnnn 


-5.67(2) 


-5.77(2) 


0.10(4) 


Vnc ~ VNN + Vnnn 


-139.57(16) 


-138.27(16) 


-1.30(32) 


Enc = Tnc + Vnc 


-22.19(4) 


-21.68(4) 


-0.51(8) 


Eilne) 


-31.40(2) 


-30.85(2) 


-0.55(4) 


Ba{ Expt. 3.12(2)) 


3.66(3) 


3.11(3) 


-0.55(4) 
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W^, C^^ and C^^ are the strengths of the potential. 
Sai is a tensor operator, Y^ is OPE Yukawa function and 
subscripts i, j and A refer to two nucleons and a A in the 
triplet (Aij). Vf^j^ is discussed in detail in Ref. j21j. In 
order to obtain optimal realistic wave function we include 
all correlations induced by these potential pieces in UAij 
as Q 



U/Cij = em=D,sw,PwV"^{rAi,rij,rjA), 



(19) 



using e„i as a variational parameter and f as a scaled AA^ 
pair distance used for triplet correlation function. 

The space-exchange operation interchanges the posi- 
tions of A and nucleon in a AA'^ pair and thereby, it af- 
fects the centre of mass (cm.) of the hypernucleus. This 
is redetermined after every such operation using 
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as all the positions of baryons are measured from the 
cm. of the whole system, f = r — Rem.- This is essen- 
tial to make the wave function translationally invariant. 



TABLE II: NC polarization. All quantities are in units of MeV. 
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B B-A 
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C-A 


rpintemal 






107.94(14) 


115.63(18) 7.69(7) 


114.73(18) 


6.79(7) 


vnn 






-130.45(16) 


-133.90(32) -3.45 (6) 


-132.50(16) 


-2.05(6) 


Vnnn 






-5.21(2) 


-5.67(2) -0.46(2) 


-5.77(2) 


-0.56(2) 


Vnc = Vnn 


' + Vnnn 




-135.66(14) 


-139.57(18) -3.91(4) 


-138.27(14) 


-2.61(4) 


rpintemal 
J^NC = 


rpintemal 
J-NC 


+ Vnc 


-27.73(1) 


-23.95(2) 3.78(4) 


-23.55(2) 


4.18(4) 



Consequently, one has to exchange positions of a A with 
all the nucleons one by one, keep track of the shift in 
cm. and distances due to this operation, and then re- 
peatedly calculate the wave function involving all other 
two-body and three-body correlations. This is computa- 
tionally very difficult to implement. 

It turns out [ij, [1^ that the strong repulsive central 
correlation has a major contribution to binding energies, 
nuclear core {NC) polarization and density profiles of N 
and A. NC polarization is just the rearrangement en- 
ergy which is the difference of internal energy (defined 
later) of the NC in the hypernucleus and the energy of 
an identical isolated bound nucleus. A significant modi- 
fication of this correlation may strongly affect the above 
results. In Fig. Q] we plot the repulsive central correla- 
tion in case of no SEC given by Eq. JHJl and and also with 
SEC given by Eq. © along with u^{r). These functions 
have been obtained using our best optimal variational 
wave functions for both the cases. We note a substan- 
tial modification of central repulsive correlation at the 
peak of the correlation and in its vicinity due to pres- 
ence of u^(r). The u^{r) is found substantially effective 
at r < 2.0 fm and has no effect at r > 2.4 fm where it 
vanishes, thereby f^Niir) remains the same for both the 
cases. This does warrant a crucial role of SEC in hy- 
pernuclear studies. Findings of this work suggest that a 
study ignoring SEC would be misleading, specially while 
determining the strength of ANN potential discussed be- 
low. Any attempt to resolve the notorious A — 5 anomaly 
[H H IH Ei would be hopelessly defecicnt if SEC is 
ignored. 

We present our energy results for the cases (i) with 
no SEC (ii) and with SEC in the wave function. For 
the first case, we optimize our variational wave function 
and choose a value for the strength C^^=0.75 MeV and 
then adjust the dispersive strength W^ in order to repro- 
duce the experimental A-seperation energy Ba = 3.12(2) 
MeV. Doing so, W" turns out to be 0.125 MeV. We then 
switch on the SEC and again optimize the variational 
wavefunction and then calculate the energy of the hyper- 
nucleus. In this case, we note that the hypernucleus is 
over bound by 0.55(4) MeV. Therefore, Ba turns out to 
be 3.65(3) MeV. The detailed energy breakdown is pre- 
sented in Table |l| We note a significant contribution of 



SEC in every piece of energy. As reported [l|, |l3, |lj, l2J | 
Va^n -^i^s a generalised tensor-tau type structure. It is 
found sensitive to operatorial correlations as well as to 
SEC. The contribution of SEC to central AA^ potential 
(wo('')(l - e)) is 0.50(8) MeV. It is alomst cancelled by 
its contribution to space-exchange part of the potential 
{vo{r)ePx) which is found to be -0.45(4) MeV. Its contri- 
bution to A kinetic energy Ta ~ —0.3 MeV is balanced 
by its relatively large effect on V^awtv which is found to be 
0.25(2) MeV in which Vl^j^ is 0.42(4) MeV and V£^j^ 
is -0.12(2) MeV. Therefore, A-energy turns out to be the 
same i.e. -9.18(4) MeV with and with no SEC. This 
may be accidental in case of ^He that may not hold in 
general. For both the cases we note significant difference 
of 0.55(4) MeV in the binding energy of hypernucleus as 
well as its Ba value. This is due to the effect of SEC in 
NC part of the energy, which adds to NC polarization 
or rearrangement energy. 

In order to calculate the polarization energy of NC, 
we calculate the internal energy (E]^^^""-^) of the (^—1) 
subsystem. Taking into account the cm. motion of the 
subsystem, we write down 
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where T^™' represents the kinetic energy due to cm. 
motion of {A — 1) subsystem around the cm. of hyper- 
nucleus. We compare the energy breakdown of *He and 
NC of ^He in Table HH A total polarization of 3.78(4) 
MeV and 4.18(4) MeV is found with and with no SEC. 
The polarization in both cases as well as their difference is 
large. SEC reduces the polarization by about 0.4 MeV. 
Nemura et. al. (ll| also report a large polarization. Sim- 
ilar was the result for ^^O jl^- We also note that the 
point proton radius in ^He with no SEC is 1.66(1) fm 
and with SEC is 1.62(1) fm, therefore, it is more com- 
pact with SEC. This is because of the reduction in repul- 
sive central correlation /^^ (r) due to presence of u^ (r) 
which pushes the nucleon towards the periphery (cf. Fig. 
EJ. For isolated '^He point proton radius is 1.46(1) fm 
whereas 'experimental' value is 1.47 fm. 

The density profiles of proton (p) and A are plotted 
in Fig. 121 Like previous studies [ij, [iSJ, most of the 



FIG. 2: Density profiles of p and A. 



time A is found in the interior region. The repulsive 
central /^^ correlation pushes the nucleon both towards 
centre and at periphery. As this correlation gets modified 
with the presence of u^{r), a change is observed in p 
density profile in ^He near the centre (upper panel) and 
at the peripheral region (lower panel) . The A skin is also 
observed in the lower panel where peripheral densities 
are plotted. 

We conclude that SEC is an important correlation 
which, being quite significant at r < 2.0 fm, modifies 
the f^pf central correlation considerably at its peak and 
in its vicinity. Its effect is exhibited in energy breakdown 
of the hypernucleus, A-seperation energy, NC ploariza- 
tion and density profiles. We also note that it strongly 
affects the expectation value of V^/J'Af ^^'^ ^ann- There- 
fore, it should not be ignored in any attempt to pin down 
the strenghts of ANN potential. A detailed study to 
pin down these strengths and also to resolve the A — 5 
anomaly by including all the ground- and excited-state 
s-shell single- and double- hypernuclei is in progress. 
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Figure 1: A7V central correlation and space-exchange correlation (SEC) func- 
tions. 
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Figure 1: Density profiles of p and A. 



